This review presents a brief overview of the health effects and exposures of two criteria pollutants-ozone and particulate matter-and two toxic air pollutants-benzene and formaldehyde. These pollutants were selected from the six criteria pollutants and from the 189 toxic air pollutants on the basis of their prevalence in the United States, their physicochemical behavior, and the magnitude of their potential health threat. The health effects data included in this review primarily include results from epidemiologic studies; however, some findings from animal studies are also discussed when no other information is available. Health effects findings for each pollutant are related in this review to corresponding information about outdoor, indoor, and personal exposures and pollutant sources.
Criteria and toxic air pollutants represent two classes of air pollutants with diverse chemical and physical properties. Criteria pollutants, as designated under the Clean Air Act of 1971, include pollutants that are ubiquitous in the United States and are known or strongly suspected to be harmful to public health and the environment (1) . Currently, six pollutants are designated as criteria pollutants: particles with aerodynamic diameters under 10 and 2.5 lpm, ozone, sulfur dioxide, nitrogen dioxide, carbon monoxide, and lead. For each of these pollutants, a primary health-based National Ambient Air Quality Standard (NAAQS) under the Clean Air Act has been established, which sets the "safe" amount of the pollutant that can be present in the air (1) .
One hundred eighty-nine other potentially harmful air pollutants are designated as toxic or hazardous air pollutants (HAPs) under the Clean Air Act (Table 1) . HAPs include a diverse set of pollutants, including those that have multiple sources and that are prevalent in the environment, as well as other less prevalent pollutants that can be introduced by sudden accidental releases. HAPs include metals, other particles, gases adsorbed onto particles, and vapors from fuels and other sources. About 70% of the pollutants classified as hazardous air pollutants fall into the category of volatile organic compounds (VOCs). These compounds are the principal components in atmospheric reactions that form ozone and other secondary pollutants. Currently, industrial processes and fuel combustion sources account for 47% and less than 3% of the total VOC emissions, respectively (2) . The diversity in chemical species and sources is reflected in the number of adverse health effects that may result from exposures to HAPs, including acute illnesses such as nausea, chronic diseases such as cancer, as well as a variety of immunologic, neurologic, reproductive, developmental, and respiratory disorders.
This article is a brief overview of the health effects, properties, and exposures of a subset of criteria and toxic air pollutants, including ozone and particulate matter for the criteria pollutants and benzene and formaldehyde for the HAPs. This subset of pollutants was selected on the basis of their prevalence in the United States, their physicochemical behavior, and the magnitude of their potential health threat. Because of space limitations, discussions of their adverse health effects focus primarily on findings from epidemiologic studies.
Criteria Air Pollutants
Ozone Ground-level ozone, the primary constituent of urban smog, is a secondary pollutant formed in the atmosphere through photochemical reactions involving nitrogen oxides and VOCs. It was first designated as a criteria pollutant under the Clean Air Act in 1971 (1) . Its NAAQS was subsequently revised in 1979 and again most recently in 1997. In its current form, the primary NAAQS sets an 8-hr standard for ozone of 0.08 ppm (based on a 3-year average of the annual fourth highest daily maximum 8-hr ozone concentrations) to replace (in a phased-in manner) the previous standard based on a 1-hr averaging time. (Note that the NAAQS for ozone is currently undergoing judicial review. As a result, both the previous 1-hr ozone standard of 0.12 ppm and the new 8-hr standard are currently in effect.)
The NAAQS for ozone was established on the basis of its effects on the human respiratory system. Ozone is a known pulmonary irritant affecting the respiratory mucous membranes, other lung tissues, and respiratory functions. It impairs the normal mechanical function of the human lung, the effects of which manifest themselves through symptoms such as chest tightness, cough, wheezing, and lung function decrements (3) . Ozone-induced decrements in lung volume, specifically forced vital capacity (FVC) and forced expiratory volume in 1 sec (FEVI) are primarily due to decreases in inspiratory capacity. With less severe exposures, lung volumes generally recover within [2] [3] [4] [5] [6] hr, with normal baseline function typically reestablished within 24 hr. Although small changes in lung function (when unaccompanied by discomfort symptoms or impairment of oxygen uptake) may not interfere with normal activity in healthy individuals, small changes in lung function for people with pre-existing disease could result in clinically significant adverse effects. The U.S. Environmental Protection Agency (U.S. EPA) has determined that these effects may arise in sensitive individuals, including children, the elderly, asthmatics and other individuals with preexisting respiratory conditions, and result in an approximately 10% decrease in pulmonary function, a level deemed by the U.S. EPA to be an adverse effect.
The adverse effects of ozone on the respiratory system may also manifest themselves as more serious clinical outcomes such as hospital admissions, emergency room visits, chronic illness, and possibly death. Numerous epidemiologic studies, for example, have shown ambient ozone concentrations to be associated with increased hospital admissions for pneumonia, chronic obstructive pulmonary disease (COPD), asthma, and other respiratory ailments. These associations have generally been shown for ozone, using multivariate models that included other pollutants, such as particulate matter, CO, and sulfur dioxide (SO2). Burnett et al. (4) , for example, compared air pollution data to hospital admissions for 16 cities across Canada for a 10-year period (1981-1991) . During the months when ozone levels are high (April-December), the study found Radionuclides radon includede NOTE: Listings containing the word "compounds" and for glycol ethers, unless otherwise specified, include any unique chemical substance that contains the named chemical as part of its infrastructure. 'X'CN where X = H' or a group where a formal dissociation may occur. %ncludes mono-and di-ethers of ethylene, diethylene, and triethylene glycol R-(OCH2CH2)n -OR' where n = 1, 2, or 3 R = alkyl or aryl groups R' = R, H, or groups which, when removed, yield glycol ethers: R-IOCH2CH)n-OH. Polymers are excluded from the glycol category. clncludes mineral fiber emissions from facilities manufacturing or processing glass, rock, or slag fibers of average diameter 1 pm or less. 'Includes organic compounds with more than one benzene ring, and which have a boiling point greater than or equal to 1000C. 'A type of atom which spontaneously undergoes radioactive decay.
positive associations between the previous day's 1- (10) .
Ozone has also been linked to increased asthma-related emergency room visits for all age groups in studies by Cody et al. (9) and Weisel et al. (11) in New Jersey and by Stieb et al. (12) in New Brunswick, Canada. These associations were strongest when ambient ozone levels exceeded 75 ppb (12) . Correspondingly, exposure to ozone has also been associated with acute respiratory problems in asthmatics, including increased asthma symptoms (13) , asthma rates (14) , asthma attacks (15) , wheeze (16) , cough (17) , reduced pulmonary function (16, 17) , and shortness of breath (18) . These associations have been shown in both children (14, 15, 18) and adults and have been demonstrated for a number of U.S. cities.
Less consistent have been results from epidemiologic studies investigating associations between ozone and both chronic illness and premature mortality. Several recent studies have suggested that ambient ozone concentrations are associated with the development of chronic illnesses, such as adult onset of asthma (19) (20) (21) . These results are supported by data from animal studies in which exposure to ozone for months and years has been shown to cause structural changes in several regions of the respiratory tract, with the effects in the deep lung where most chronic airway diseases of the lung occur (3) . These effects are not reversible, raising concerns that seasonal exposures to ozone may have a cumulative impact over many years (22) (23) (24) . The sensitivity to chronic ozone exposures varies by species (25) , with the rat having the lowest response (26, 27) and the monkey the greatest (22, 28) . Together, these findings led the U.S. EPA (3) (31) .
In 1997, the revision to the 03 NAAQS set forth that the 1-hr standard will no longer apply to an area once the U.S. EPA determines that the area has air quality data meeting the 1-hr standards. In response to the revised ozone NAAQS, the U.S. EPA revoked the 1-hr 03 NAAQS in most counties in the United States, leaving 226 counties (and 38 nonattainment areas) where the 1-hr standard still applies. Currently, 24 of the 38 one-hour ozone nonattainment areas are classified as either serious, severe, or extreme, with most of the 24 areas located in areas on the east or west coast of the United States (Table 2) . Three areas, however, are located in Texas and two areas located near Chicago, Illinois. Together, the 24 one-hour nonattainment areas have a total population of about 84 million people.
Outdoor ozone concentrations, together with activity patterns and housing characteristics, are the primary determinants of exposures to ozone, since ozone has few indoor sources. Like outdoor concentrations, both indoor concentrations and personal exposures to ozone are highest in the summer months; however, both indoor and personal ozone levels tend to be substantially lower than those outdoors (29) . Short-term (< 1 hr) personal ozone exposures, however, have been shown to be comparable to those outdoors, when monitored individuals spent their time in outdoor activities (32. Furthermore, both indoor concentrations and personal exposures to ozone tend to be highest for individuals living in non-air conditioned and other well-ventilated homes (29, 33) . Results from several exposure studies have shown that outdoor ozone concentrations are poor surrogates for personal exposures, as outdoor concentrations explain relatively little of the variability in personal exposures (29, 31, 33) . Microenvironmental models developed to date have been able to explain little of the variability in personal ozone exposures; however, models do represent a slight improvement over outdoor concentrations alone (29) . Poor model performance clearly demonstrates the need for additional research to improve our understanding of factors affecting personal ozone exposures and our ability to predict these exposures. Particulate Matter Epidemiologic studies have shown consistent and significant associations between ambient PMo (filne particulate matter with aerodynamic diameters less than or equal to 10 pm) concentrations and increased daily mortality and morbidity (34) (35) (36) (37) (38) . The epidemiologic studies were conducted in communities across the United States using a variety of study designs, including short-term exposure, prospective cohort (time-series), cross-sectional, and meta-analyses studies. Despite their differences in design, methodology, and target population, findings from (50, 51) . Concentrated ambient air particles (CAPs) have also been shown to result in hematologic changes in rats, including elevated polymorphonuclear leukocyte levels (52) .
Consistent with these results, subtle alterations in pulmonary and systemic cell profiles were also found when normal canines were exposed to concentrated air particles (53) . These changes were not associated with the total mass concentrations but were instead associated with specific particulate components (as identified using factor analysis techniques). Bronchoalveolar lavage (BAL), total peripheral white blood cell (WBC) counts, and circulating neutrophils and lymphocytes, for example, were correlated with an aluminum/silicon factor, which may result from an effect of crustal particles on pulmonary inflammation. The nickel/vanadium factor was associated with increased circulating neutrophils and BAL macrophages, suggesting a link between combustion-related metals and peripheral blood parameters. Significant red blood cell changes (e.g., decrements in red blood cell counts and hemoglobin levels), which were also observed in a study of elevated ambient particle levels (54), were associated with the sulfur factor. The authors suggested that these hematological alterations may potentially be linked to cardiac effects (54) .
Support for this theory has been provided by recent epidemiologic studies of elderly individuals. In these studies, ambient PM2.5 levels were associated with reduced cardiovascular function as assessed using heart rate variability (HRV) (55) (56) (57) (33, 76) . Associations between personal PM2. PM2.5 compared to SO42-were attributed to the greater influence of indoor particulate sources in these environments (33) .
Upon review of the available scientific evidence linking exposures to ambient particulate matter to adverse health and welfare effects, the U.S. EPA revised the NAAQS for particulate matter (77 (83) . Results from this report indicated that 9 of the 10 HAPs were present outdoors at levels that exceeded additional lifetime cancer risks of one in a million-the health-based goal for HAPs outlined in the Clean Air Act. Outdoor concentrations of benzene and formaldehyde in particular were exceptionally high and were (84, 85) . In addition, the public is exposed to benzene as a result of direct and indirect cigarette smoke, home use of solvents and gasoline, and leaking underground storage tanks. Benzene is absorbed into the human body via various pathways, including inhalation, dermal contact, and ingestion. Exposures to benzene, even at low doses, have been linked to a variety of acute and chronic adverse health effects. Inhalation exposures to benzene, for example, may result in a variety of neurologic symptoms, including drowsiness, dizziness, headaches, unconsciousness, and even death after exposures to very high levels. Similarly, ingestion exposures to large amounts of benzene may result in vomiting, dizziness, convulsions, and may be fatal (84) .
In animal studies, neurologic, immunologic, and hematologic effects from inhalation and oral exposures to benzene have been observed. Laboratory tests in rats, mice, rabbits, and guinea pigs have shown benzene to have low acute toxicity through inhalation, moderate acute toxicity through ingestion, and low or moderate acute toxicity through dermal exposure. Benzene toxicity can be enhanced with co-exposure to ethanol (86) . Hematologic effects have also been observed after chronic or long-term inhalation of benzene, which has been shown to cause blood disorders through damage to the bone marrow. Aplastic anemia, excessive bleeding, and damage to the immune system may develop from chronic benzene exposures, as a result of changes in blood levels of antibodies and loss of white blood cells. In addition, chronic benzene exposures were shown to produce both structural and numerical chromosomal aberrations in humans and to result in increased incidence of leukemia in individuals occupationally exposed to benzene (87, 88) . As a result, the U.S. EPA has classified benzene as a Group A known human carcinogen. On the basis of results from human and animal studies, benzene has been estimated to have an inhalation unit risk for cancer of 8.3 x 10Se ( svg/m3)- (86) o Several studies have been p)erformed to characterize benzene exposures. In an Environment Canada-sponsored outdoor monitoring study, 5,000 twenty-four-hour benzene samples were collected at 40 urban and rural monitoring stations (89) . Median benzene concentrations were highest at urban street sites and at sites influenced by point sources, whereas median benzene concentrations were lowest at rural and suburban sites. Significantly higher 95th percentile benzene concentrations were reported at sites influenced by point sources (89) .
Twelve-hour outdoor benzene concentrations-along with 12-hr personal exposures and exhaled breath values-were also measured in a variety of communities across the United States in the U.S. EPA Total Exposure Assessment Methodology (TEAM) study, which was conducted in the early 1980s (78) . Results from this study showed that as was the case in the Canadian study, outdoor concentrations were also higher in urban compared to suburban cities. In addition, benzene was found at all of the TEAM sites. Major sources of benzene exposures were identified and included active (39%) and passive (5%) cigarette smoking, automobiles (18%), and industrial (3%), home (16%), and personal (18%) sources (78) .
Because many of these sources are located indoors, benzene concentrations inside homes are generally higher than those outdoors (78) . In Elizabeth-Bayonne, New Jersey, one of the TEAM studies, for example, the geometric mean indoor benzene concentration was substantially higher than that outdoors, with indoor concentrations highest inside homes with smokers (78) . Median and 95th percentile indoor concentrations in Elizabeth-Bayonne were 15 and 78 pg/m3. These high concentrations may specifically be attributed to the presence of indoor benzene sources. In areas with high outdoor concentrations, the ability of benzene to penetrate indoors may be an important exposure factor. In a study of 10 Boise, Idaho, homes with no major indoor VOC sources, the penetration efficiency and the indoor removal rate for benzene were estimated to equal one and zero, respectively g S~~~~~~~~~~~~~~~~~~~~~...... . . . Personal benzene exposures also tend to be higher than those outdoors. As was the case outdoors, personal levels were highest in urban than in suburban locations. Median daytime and nighttime outdoor, personal, and breath concentrations, for example, ranged between 10 and 20 pg/m3 in the industrialized Elizabeth-Bayonne ( Figure 4 ) and urban Los Angeles communities ( Figure  5 ), whereas median concentrations in suburban Antioch-Pittsburg, California, were lower, ranging between 1 and 10 pg/m3 ( Figure 6 ). As shown in Figure 7, Cumulative frequency (%) Figure 5 . Cumulative frequency (%) Figure 6 . The estimated frequency distributions of benzene personal air exposures, outdoor air concentrations, and exhaled breath values for the residents of Antioch and Pittsburg, California (population = 360,000). All air values are for 10-to 14-hr integrated samples. The breath value was taken following the daytime air sample (6:00 AM-6:00 PM). All (98) . Results from animal studies suggest that the adverse health mechanism may occur through damage to the nasal respiratory epithelium and lesions in the respiratory system (9$9l. In addition, chronic formaldehyde exposures were linked, in one study to an increased incidence of menstrual disorders and pregnancy problems in women workers using urea-formaldehyde resins; however, potential confounding factors were not examined in this study, making results from this study difficult to interpret. In another study, an association between formaldehyde exposure and increased spontaneous abortions was not found for hospital equipment-sterilizing workers.
Chronic formaldehyde exposures have also been associated in occupational studies with increased incidence of lung and nasopharyngeal cancer (100) . This association is considered to be "limited," rather than "sufficient," due to possible exposure to other agents that may have contributed to the excess cancers. An increased incidence of nasal squamous-cell carcinomas due to inhalation exposures to formaldehyde has been observed in animal studies (101) Formaldehyde concentraton (gg/m3) Figure 9 . The distribution of indoor formaldehyde concentration measurements, from the U.S. EPA BASE study of 69 buildings from 1996 through 1998 (103) . buildings are much lower, with mean, median, and 95th percentile formaldehyde levels in the U.S. EPA BASE study of 13.6, 13.1, and 22.8 pg/m3, respectively ( Figure 9 ).
There are several factors that influence the emission of formaldehyde from materials. Two of the best understood are temperature and relative humidity. As the temperature and humidity increase, the emission rate of formaldehyde also increases. The measured formaldehyde emission rates of 10 homes measured over 10 consecutive weeks in Northern Japan, from February 5 through April 14 are shown in Figure 10 . The formaldehyde emission rate in all homes increased on average with the increasing air temperature and humidity as winter transitioned into spring, A third important factor is the age of the home. As the home ages, the building materials emit less formaldehyde. Since the early 1980, as a result of the rash of formaldehyde poisonings attributable to ureaformaldehyde foam insulation, low-level exposure to formaldehyde has been suspected of initiating chemical hypersensitivity (102) .
